Radiotherapy in a seated position may be indicated for patients who are unable to lie on the treatment couch for the duration of treatment, in scenarios where a seated treatment position provides superior anatomical positioning and dose distributions, or for a low-cost system designed using a fixed treatment beam and rotating seated patient. In this study, we report a novel treatment chair that was constructed to allow for three-dimensional imaging and treatment delivery while ensuring robust immobilization, providing reproducibility equivalent to that in the traditional supine position.
| INTRODUCTION
The majority of patients treated with radiation therapy are positioned supine on the treatment couch, with a small proportion prone. The supine treatment position is supported by decades of experience and is suited for the routine practice of three-dimensional treatment planning with imaging from computed tomography (CT) or magnetic resonance scanners which utilize horizontal bores. However, some patients, particularly those with head-and-neck or lung cancers, may develop orthopnea, dyspnea, dysphagia, or other conditions that make lying flat for the duration of treatment difficult or impossible.
An upright treatment position can mitigate these difficulties.
Additionally, when patients assume a seated or upright position, lung volume and motion are reduced, allowing for sparing of normal tissues and fewer radiation-induced symptoms. [1] [2] [3] Clinicians at our institution have expressed interest in the use of a seated treatment position for patients unable to tolerate standard supine positioning.
In addition to the comfort and dosimetric advantages of treatment in the upright position, this treatment position could allow for the development of a treatment paradigm centered on a fixed treatment beam and seated rotating radiotherapy patient. This delivery approach, still in its infantry, would prove advantageous in the development of a low-cost linear accelerator system, applicable to lowand middle-income countries. Advantages of this approach in terms of cost, shielding, setup, treatment delivery, machine downtime, and others factors are under investigation. [4] [5] [6] Interest from vendors in a fixed-beam system has further supported this work.
Historically, chairs for radiation therapy have been used primarily as an exception for patients unable to tolerate the lying position and have involved temporary replacement of the treatment couch with an upright unit. 7, 8 Additionally, these previous studies are from an era in which treatment planning was carried out primarily using 2D image acquisition [9] [10] [11] and margins which were much more tolerant of positional inaccuracies. The degree of these uncertainties is not well documented in the literature; only one description of an upright system included an assessment of the reproducibility of patient position. 9 Concerning treatment planning in the upright position, recent studies have explored the feasibility of acquiring cone beam CT scans of seated patients using the onboard imaging capabilities of modern medical linear accelerators by positioning the gantry at 0°d egrees, and then rotating the patient couch instead of the gantry.
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Studies have also demonstrated the feasibility of using cone beam CT images acquired at the treatment unit for treatment planning. [12] [13] [14] This work supports our expectation that we will soon be able to take CBCT images of patients in an upright position for the purpose of treatment planning, by rotating the treatment couch. It has been reported that acquisition of a field of view of 40 cm 9 26 cm at isocenter is possible. 12 Given the above, we have developed a treatment chair suitable for use with standard gantry-based linear accelerator geometries for head-and-neck cancer regions, incorporating measures designed to optimize the reproducibility of inter-and intrafraction patient setup. Herein, we report the details of the chair design, inter-and intrafraction reproducibility measurements for five headand-neck cancer patients under simulated treatment scenarios, and patient feedback and discuss considerations for future development.
| METHODS AND MATERIALS

2.A | Chair design
The chair was initially designed by engineering students at Rice 
2.B | Intra-and interfraction imaging
Six head-and-neck cancer patients undergoing radiotherapy (in a supine position) were accrued with approval from our institutional review board. Five patients completed the study and are included in the analysis. The seated patients were first setup in the treatment chair outside of the treatment room using a flattop bench in lieu of the treatment couch (Fig 1) . For setup, the chair position was estab- patients. Posterior-anterior images were acquired first (couch at 90°, gantry at 0, kV imagers extended), the couch was rotated to 0°and then lateral images were acquired. All mechanical motions occurred under supervision inside the treatment vault.
After image acquisition and under supervision, the couch was rotated for 5 minutes to simulate treatment delivery. Two additional images (lateral and P-A) were then acquired. Image registration of these two sets of images was used to calculate the first intrafraction reproducibility measurement. The patient then got out of the treatment chair and rested for a few minutes, and the process was repeated to acquire two more sets of images, providing one interfraction reproducibility measurement and one additional intrafraction measurement. Upon completion, the patient was asked to complete a questionnaire (see supplemental materials) regarding both their supine treatments and their experience in the chair.
2.C | Image registration
The head-and-neck region has many degrees of motion, so interand intrafraction uncertainties were evaluated for several subregions of the acquired images. We used a method similar to that used previously to evaluate setup uncertainties in patients with head-andneck cancer after cone beam CT guidance. 15 Subregions of interest on kV projection lateral images were cervical vertebrae 1-3 (C1C3), C3C5, the mandible, and the occipital bone. The subregions of interest on P-A images were the left temporomandibular joint and the nasal sinuses. These regions were chosen to facilitate accurate evaluation of patient motion, to match those studied previously, 15 and to obtain high visibility on the acquired images. The images were processed via histogram normalization and subregions were chosen by hand to include the area of interest, see Fig. 3 . Rigid three-dimensional image registration (bi-directional translation and rotation) was carried out between the 2 two-dimensional kilovoltage images in Matlab (MathWorks, Natick, MA, USA) using the gradient descent method with the mean square error as the registration metric. All registration results were verified visually.
2.D | Simulated image guidance
The use of image guidance for patient positioning and tumor localization in head-and-neck cancer patients receiving radiotherapy is a routine procedure in many clinics. We therefore simulated the use of image guidance in our interfraction displacement images, as done by others, which were acquired without patient realignment prior to the simulated treatment delivery. The two images were first registered according to the position of C1C3 (lateral images) or the spinal column (posterior-anterior images). Then, the remaining subregions were registered as previous. This approach provided a measure of the residual error in interfraction displacement given the use of image guidance.
2.E | Measurement of registration uncertainty
To best approximate the possible uncertainty in the rigid registra- F I G . 4. Face piece before and after the change implemented after feedback from the first two patients. Before the change, the chin-andforehead pieces were covered with bolus material for comfort, and the inferior chin piece was arched for anatomical conformity.
3.A | Patients
The five patients in this study were all male, with a median age of 65 years (range: 55-78 years), mean height of 181.1 cm (range:
180-183 cm), and mean weight of 88 kg (range: 76-111 kg). Female subjects (n > 8) were positioned in the chair during trial development and found no difficulties in positioning or comfort. On the basis of the feedback from the first two patients imaged, the face piece was changed from the bolus-based chin-and-forehead piece, to a suctionable cushion which conforms to the patient's face (Fig 4) . Furthermore, a small piece of loop fastener was applied to the top of the face piece as a barrier between the seam of the plastic and the patient's forehead. Table 1 lists the intra-and interfraction displacement for the six subre- 
3.B | Image registration
3.D | Discussion
As radiation therapy treatment planning has moved almost entirely to three-dimensional methods, the acquisition of CT scans for T A B L E 1 Intrafraction and interfraction displacements with and without image guidance in the treatment chair. These raw interfraction measurements prove much better than those found for a previous upright setup for mantle treatments, for which all patients required block shifts of at least 5 mm, and 35% requiring shifts greater than or equal to 1 cm. 9 We also evaluated interfraction displacements in a scenario of simulated image guidance. While in clinical scenarios, the radiation therapist would typically compare the whole acquired image to a planning image for use in image guidance, we have used only a subregion of the acquired image to simulate image guidance. This approach is consistent with techniques used previously, 15 and both the mean and standard deviation of interfraction displacement in the seated position in our study are on the same order as those reported for the traditional supine position techniques (Table 2 ).
Subregion Mean displacement (mm)
There are limitations to this technique. One patient was not able to complete the testing, and review of his images before the trial was aborted suggests that he had significant intrafractional displacement (up to 3.3 cm). This was likely due to the fact that he was falling asleep and not feeling well, resulting in significant positional changes. While this only affected one patient, this may be more widespread; our attempts to create a treatment chair that is better tolerated than the supine position may not be tolerated by some patients. Furthermore, we largely enrolled "healthy" patients who tolerated the supine position quite well, and they also tolerated the upright position quite well. It remains to be seen how patients with significant medical issues (for instance, orthopnea, dyspnea, thick secretions) tolerate the upright treatment, and whether it reflects an improvement over the supine. These issues will be investigated in future studies. The full questionnaire can be found in the supplemental materials. The questionnaire alternated the score assigned to a positive response. For example, a rating of 5 was assigned to answers of "I felt calm" and "Getting on the chair (couch) was difficult". In this figure, all positive responses are correlated to ratings of 5, for clarity.
Comparison of interfraction displacements in the seated and supine treatment positions for simulated image guidance with respect to cervical vertebrae 1-3.
Region of interest
Mean displacement (mm) AE SE Upright position (this study) Additionally, cervical vertebrae 1-2 (C1C2) were used as a reference, and C5C7 data were reported instead of C3C5 data.
The tight geometry of the gantry system and the chair tested in our study is partially a result of a minimum vertical height of the treatment couch and seat height; therefore, care must be taken when positioning the patient. We estimate that by the sixth patient, setup took approximately 8 minutes including marking of lasers on head mask, similar to that for supine positioning.
A complete assessment of the shift accuracy of the used registration algorithm was completed. However, while the rotational displacement of patient images was small, less than 1°, a similar analysis was not completed for the rotational accuracy of the registration algorithm and is potential source of error in this study.
The ability to acquire treatment planning images in the upright position, mirroring that of treatment, is an important aspect of the complete treatment process in the upright position. Using onboard imaging systems or other techniques, the acquisition of planning images in the treatment position would get around issues of organ deformation faced by others. When considering other treatment sites, abdominal and pelvic cavities, especially, considerations of organ deformation (day to day, etc.) will need special attention.
Herein we have explored the setup reproducibility of the upright treatment position in an in-house built chair.
We are currently in the process of modifying the chair design to reflect patient feedback and our accumulated experience. Projected changes include the removal of the stand, this will require more sturdy construction and counterbalancing, a lower seat which will relieve part of the tightness of the geometry, and the incorporation of a small pillow or strap into the patient seat to facilitate a feeling of stability and safety in the forward-leaning position. Furthermore, to allow manipulation of the chair position to fit many patients, full indexing of such motions will be incorporated. Additionally, dosimetric considerations given the observed inter-and intrafraction displacement will be considered.
In conclusion, our preliminary tests indicate that it is feasible to create an upright treatment chair with geometry suitable for 3-D imaging (with cone beam CT) and robust reproducible patient position between and within radiotherapy fractions. Our findings, in conjunction with feedback from the patients' questionnaires, will guide adaptation of the current chair design. Our goal was to create a system whereby patients can be simulated and treated in an upright position without degradation of a conformal, modern radiation treatment plan.
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